Biochemical and cell fractionation studies suggest caveolae contain functionally organized sets of signaling molecules that are capable of transmitting specific signals to the cell. It is not known, however, whether any signals actually originate from caveolae in living cells. To address this question, we have engineered the calcium sensor yellow cameleon so that it is targeted either to the plasma membrane, caveolae or the cytoplasm of endothelial cells. Quantitative measurements of the three Ca 2+ pools detected by these probes indicate that caveolae are preferred sites of Ca 2+ entry when Ca 2+ stores in the ER are depleted. These results suggest that the signaling machinery in control of Ca 2+ entry is functionally organized in the caveolae of living cells.
INTRODUCTION
Caveolae were first identified in thin section images of gallbladder epithelial cells and endothelial cells over 40 years ago. Early studies on their function in endothelial cells suggested that caveolae sequester blood borne molecules and carry them across the cell to the tissue space [reviewed in (1) ]. An endocytic function was further indicated by the discovery that receptor-mediated potocytosis (2) relies on caveolae to carry folic acid to the cytoplasm of epithelial cells. Opportunistic pathogens also enter cells through caveolae. For example, caveolae internalize SV40 virus and deliver it to the ER (3). They also are involved in a novel type of phagocytosis where FimH-expressing bacteria are delivered to a unique endocytic compartment that lacks the enzymatic machinery to kill the bacteria (4) . Therefore, caveolae appear to be a multifunctional vehicle for an endocytic pathway that is structurally and functionally separate from coated pits (1) .
A breakthrough in caveolae research was the discovery of a marker protein called caveolin-1 (5) . Caveolin-1 appears to be a component of the striated coat material often found on the cytoplasmic surface of invaginated and non-invaginated caveolae. This marker has been used to develop isolation protocols that provided the first clues about the molecular composition of this membrane domain. These techniques indicate that caveolae are enriched in a variety of signal transducing molecules (6, 7) , which suggests that caveolae are important for the temporal and spatial control of signal transduction at the cell surface (8) . 4 living cells. One way to address this problem is to place a sensing device in caveolae that measures quantitatively the activity of a specific signaling pathway, and determine directly if that pathway originates from caveolae membranes. A signaling activity that might be a good test of this strategy is regulated Ca 2+ entry (11) .
Several molecules involved in Ca 2+ translocation have been localized to caveolae, including an IP 3 receptor-like protein (12) , DHP-sensitive Ca 2+ channels, (13) , Trp1 (14) , a Ca 2+ sensing G-protein coupled receptor (15) and a Ca 2+ -ATPase (16) .
Finally, EM studies suggest Ca 2+ is concentrated in caveolae (17, 18) , caveolae are often found in close association with the ER, and Ca 2+ influx through caveolae may trigger Ca 2+ sparks (19) .
We have designed an experimental strategy to determine if caveolae might be involved in regulating Ca 2+ entry in living cells using the Ca 2+ sensing probe yellow cameleon (YC) (20) . We engineered this probe to target YC either to caveolae, the bulk plasma membrane or the cytoplasm. ER Ca 2+ was depleted with ATP and thapsigargin to stimulate entry of extracellular Ca 2+ . The yellow cameleon sensors indicate that under these conditions caveolae are the preferred sites of Ca 2+ entry.
Furthermore, the Ca 2+ that enters through this portal is coupled to the activation of endothelial nitric oxide synthase (eNOS), a resident protein of caveolae. The results suggest that signal transduction from caveolae occurs in living cells and that caveolae may be a compartment involved in regulating store-operated calcium entry. relatively insensitive version of yellow cameleon that has the amino acid substitution, E104Q. We made the substitution Q104E to convert YC3.1 to YC2.1, which increases the Ca 2+ affinity (Kd ~0.2 µM Ca 2+ ) (21) . Caveolin-1α cDNA was engineered with Hind III site both ends and subcloned into the Hind III site of YC2.1-pcDNA3, which is 18 nucleotides upstream of the initiation codon for YC2.1.
The resulting caveolin-1-YC2.1 chimera was confirmed by sequencing.
Neuromodulin-YC (NYC) was generated using forward (5'AGCT TATGCTGTGCTGTATGAGAAGAACCAAACAGGTTGAAAAGAATGATGAG GACCAAAAGATCA3') and reverse (5'AGCTTGATCTTTTGGTCCTCATCAT TCTTTTCAACCTGTTTGGTTCTTCTCATACAGCACAGCATA3') oligonucleotides that code for the N-terminal 20 amino acids of neuromodulin plus
Hind III sites at both ends. The annealed products were inserted into the Hind III site of the pcDNA3-YC2.1 and sequenced.
Transient transfection of endothelial cells
Subconfluent endothelial cells were transiently transfected with the indicated cDNA using lipofectamine 2000 (Invitrogen, Carlsbad, CA). One day after transfection, the cells were transferred to 35 mm glass-bottom culture dishes (Mat Tek Corp, Ashland, MA) and grown for two days before use.
Ca 2+ imaging
FRET measurements were performed using a Leica confocal microscopy system equipped with argon laser and an acousto-optic tunable filter (Leica, Mannheim, Germany were traced on the monitor after each experiment, and the acceptor (EYFP) fluorescence and donor (ECFP) fluorescence was measured and the ratio of acceptor to donor for each COI was calculated using a built-in accessory program in the confocal system. The calculation of ratio value for each COI and the processing of ratio images was done off-line using the ratio imaging module of OpenLab software (Improvision Inc., Lexinton, MA).
Calibration of each probe
Cells transiently expressing each probe were grown on 35 mm glass-bottom culture dishes and preincubated at 20˚C in nominally Ca 2+ free HBSS. Throughout the following procedure, we used a medium containing 10 µM ionomycin, 10 µM nigericin, 100 mM KCl, 30 mM MOPS, pH 7.2. In this media, the cells were sequentially exposed to 10 mM EGTA to obtain R min , the indicated concentration of Ca 2+ , and finally 10 mM CaCl 2 to obtain R max % emission ratio increase (%ERI) was measured as described by Miyawaki et al (21) . Known concentrations of Ca 2+ were prepared using a calcium calibration buffer kit using the method of Tsien and Pozzan (22 
Indirect immunofluorescence
One day after transfection, cells were transferred to 35 mm dishes containing 
Electron microscopy
GFP pAb (Clonetech, San Diego, CA) immunogold labeling of yellow cameleon transiently expressed in primary endothelial cells was carried out using the method of Pathak and Anderson (23) .
RESULTS
The goal of this study was to determine if caveolae were preferred sites of regulated Ca 2+ entry. YC 2.1 was chosen as the Ca 2+ sensor and we either used it without modification (YC) or attached two different targeting motifs. The motif used to target YC 2.1 to the plasma membrane was the 20 amino acid long, doubly palmitoylated, amino terminal portion of neuromodulin/ GAP-43 (NYC) (24) . We free buffer containing 10 µM ionomycin, 10 µM nigericin, 100 mM MOPS, pH 7.2.
The cells were then sequentially exposed to 10 mM EGTA to obtain R min , the indicated concentration of Ca 2+ and finally 10 mM CaCl 2 to obtain R max (Fig 2) .
Known concentrations of Ca 2+ were prepared using a calcium calibration buffer kit (22) . Over a Ca 2+ range between 17 nM and 1350 nM, the % emission ratio increase (designated % ERI) for the three probes was identical. The estimated Kd for the three probes was 260 nM. These results indicate the two chimeric probes (NYC, CYC) have the same sensitivity to Ca 2+ as the native YC. Moreover, the Ca 2+ sensing ability of each probe appears to be independent of its cellular location.
The three probes detect different Ca 2+ pools
We first visualized the FRET produced by each probe using pseudo-color imaging methods ( beneath the plasma membrane is considerably higher than the bulk cytosol.
The response of each probe to sequential changes in extracellular Ca 2+ was also studied. A typical trace is shown in Figure 4B where the emission ratio is plotted on the left ordinate and % ERI on the right. Based on the calculations in Fig   4A , we set the baseline % ERI for CYC probe at 54%, NYC at 49% and YC at 7%. showed a marked change in % ERI when ATP was added to the media. The % ERI always returned to basal levels after 1.5 min of incubation (n). These results suggest that the cytoplasmic yellow cameleon detects Ca 2+ release from the ER while the other probes do not. A representative trace of the emission ratio as a function of time for cells expressing each of the three probes is shown in Figure 6 . The CYC probe exhibited a slight decrease in emission ratio after the addition of ATP plus thapsigargin, but then the emission ratio increased stepwise in response to each addition of extracellular Ca 2+ until reaching a plateau at ~400 µM Ca 2+ . Visualization of sites of FRET showed that it had a typical caveolin-1 distribution (D). The NYC probe (B), by contrast, showed a drop in emission ratio after the addition of ATP plus thapsigargin, which gradually returned to baseline by 300 sec. Extracellular Ca 2+ had to be at least 120 µM before the NYC probe showed any change in the emission ratio. The YC trace (C) was similar to the NYC trace with the exception that instead of a drop in the emission ratio in response to ATP and thapsigargin, it showed a transient increase.
The effect of extracellular [Ca 2+ ] on the % ERI exhibited by each probe in multiple trials is shown in Fig 6E. CYC exhibited an immediate, rapid rise in % ERI when extracellular [Ca 2+ ] was increased (m), which plateaued at ~400 µM Ca 2+ .
By contrast, the % ERI for NYC (l) changed slowly over the same concentration range of Ca 2+ . YC (n) showed little change in % ERI until extracellular Ca 2+ was 120 µM and then rose rapidly. The response of the three probes to depletion of ER Ca 2+ indicates that Ca 2+ flux through caveolae occurs at much lower levels of extracellular Ca 2+ than for non-caveolae sites.
CYC senses SOC in caveolae
We think the change in relative % ERI detected by CYC (Fig 6E) (25) while the second appears to block interactions between the plasma membrane and the ER (26) . We tested representative inhibitors in each class, as well as inhibitors of caveolae function, to determine the affect they had on the % ERI detected by CYC and NYC ( Figure 7A ).
Two widely used cell permeable IP 3 receptor antagonists are xestospongin C (27) and 2-APB (25). Cells expressing CYC (solid bars) or NYC (shaded bars) were either not treated (A) or exposed to these two inhibitors (D,E). ER Ca 2+ was
depleted by incubating the cells in the presence of ATP plus thapsigargin for 5 min.
The cells were then placed in 120 µM Ca 2+ and the peak % ERI recorded by each probe was determined. We chose this concentration of extracellular Ca 2+ because it causes only a slight increase above baseline of NYC % ERI (see Fig 6B, E) . The baseline % ERI for CYC (dashed line) and NYC (dotted line) are shown for reference. The peak change in % ERI in control cells was 77% for CYC and 57%
for NYC. Xestospongin C blocked the rise in % ERI detected by CYC but had no effect on NYC % ERI (D). 2-APB also blocked the rise in % ERI recorded by CYC but, in addition, significantly reduced the peak % ERI detected by NYC (E). These results suggest that CYC detects IP 3 receptor-dependent, capacitative Ca 2+ entry.
We used the same protocol to look at the effect of agents that are thought to prevent plasma membrane-ER interactions ( Figure 7A ; F-H). The marine sponge toxin jasplakinolide and the phosphatase inhibitor calyculin A have been shown to block store-operated Ca 2+ entry (26) . Calyculin A blocked the rise in % ERI detected by CYC without affecting NYC % ERI (compare black with shaded bars, F). Jasplakinolide had a weaker but significant effect (H) and, in addition, reduced NYC % ERI. We also found that the phosphatase inhibitor okadaic acid had the same effect as calyculin A (G). Therefore, the same inhibitors that block Ca 2+ entry through store-operated channels selectively reduce the change in CYC % ERI that occurs when ER Ca 2+ is depleted.
Under some conditions, okadaic acid will cause caveolae vesicles to accumulate at the center of the cell (28) . More specific inhibitors of caveolae function are those that reduce or destroy caveolae cholesterol (1). We tested the effects of methyl-β-cyclodextrin (C) and cholesterol oxidase (B) on the peak % ERI detected by CYC. Methyl-β-cyclodextrin blocked the increase in CYC % ERI.
Cholesterol oxidase had a weaker but significant effect. These treatments had no effect on NYC % ERI, nor did they change the cellular fluorescence distribution of either NYC or CYC (data not shown).
A final consideration was whether disruption of either the actin or the microtubule cytoskeleton affected CYC % ERI ( Figure 6A ; I, J). Cytochalasin D, which causes the disassembly of actin filaments, caused a minor, but not statistically significant, decline in CYC % ERI (compare solid bars in J and A). By contrast, colcemide markedly suppressed the rise in CYC % ERI without affecting NYC % ERI.
Ca 2+ entry through caveolae stimulates eNOS
Previous studies have shown that eNOS is enriched in caveolae membranes (29) , in part because of an association with caveolin-1 (30) , and that caveolae eNOS can be activated both in vivo (29) and in vitro (10 (Fig 6A) , we conclude that Ca 2+ entering through caveolae can stimulate eNOS directly. Ca 2+ released from ER is apparently unable to stimulate eNOS activity.
DISCUSSION
A role for caveolae in the organization of signal transduction at the cell surface (8) has never been directly established. A rigorous test of this hypothesis is to demonstrate that a specific signaling pathway originates from the caveola of a living cell. This would require a method for recording a signaling event that has enough spatial resolution to determine whether or not the signal originated from caveolae and not some other place on the surface. For a variety of reasons we chose regulated Ca 2+ entry as the signal to detect and the Ca 2+ sensor yellow cameleon as the detector. Three stringent criteria had to be met to successfully use the YC probe.
It had to be correctly targeted to the desired location in the cell. The probe had to exhibit good spatial resolution in its ability to sense different Ca 2+ pools. Finally, the probe had to be able to detect a dynamic range of Ca 2+ concentration regardless of its location. As outlined below, all three criteria were met. Yellow cameleon detects transiently high [Ca 2+ ] in response to depletion of ER Ca 2+ when it is targeted to caveolae. Caveolae, therefore, appear to contain the molecular machinery that controls store-operated entry of extracellular Ca 2+ .
CYC detects Ca 2+ entry through caveolae
The CYC probe is the result of multiple trials to find a protein tag that would reliably target YC to caveolae. Two criteria were used to verify correct targeting.
The fluorescence of CYC had to have the same distribution as endogenous caveolin- CYC had the same distribution (Fig 1) . This visual signature made it possible for us to select cells that had the proper CYC distribution before making measurements.
The second criteria was immunogold labeling. The CYC probe was clearly localized to invaginated caveolae (Fig 1J) Although the calculated baseline Ca 2+ for YC is at the limit of the reliable range of the probe (Fig 2) , these calculations suggest that the [Ca 2+ ] below the plasma membrane is substantially higher than it is in the cytoplasm. Similar observations have been made using an aequorin-SNAP 25 chimera targeted to the plasma membrane (33) . We also found a small but reproducible difference between the basal [Ca 2+ ] detected by NYC compared to CYC. Another indication that these probes have good sensing resolution is their differential response to ATP in cells grown in Ca 2+ -free media (Fig 5, A-C Ca 2+ -dependent change in FRET (Fig 2) . We conclude that the three probes sense Ca 2+ pools that are restricted to their immediate environment in the cell.
The hypothesis we sought to test with these probes was whether the signaling machinery that regulates store-operated Ca 2+ entry into cells is functionally organized in caveolae. If it were, then we would expect the Ca 2+ pool in the vicinity of the CYC probe to increase preferentially in response to depletion of ER Ca 2+
stores, owing to the high rate of Ca 2+ influx through the store-operated channels.
This is exactly what we observed (Fig 6E) . Even at the lowest concentrations of (Fig 7A) . By contrast, these treatments had little effect on the [Ca 2+ ] detected by NYC.
CYC detects Ca 2+ influx through store-operated Ca 2+ channels
Although the CYC probe appears to detect store-operated Ca 2+ entry, we needed to establish that the probe was detecting the activity of the correct channels.
Store-operated channels appear to be regulated by the polymerization state of the actin cytoskeleton (26) This is in agreement with the finding that a portion of the Trp1 (14) members of the TRP family of receptor-operated channels are in a complex with IP 3 receptors and caveolin-1, that Ca 2+ oscillations through Trp4 occur in caveolae (37) , and that eNOS-aequorin in caveolae detects store-operated Ca 2+ entry (31) .
The function of caveolae in store-operated Ca 2+ entry
Several studies suggest that store-operated Ca 2+ entry is dependent on a membrane traffic step, similar to exocytosis (26) . In Xenopus oocytes, this step is inhibited by constitutively active Rho, botulinum neurotoxin A and dominant negative SNAP-25 (38) . The membrane compartment that mediates this traffic is thought to couple the entry of Ca 2+ through the plasma membrane to the delivery of Ca 2+ to the ER. The known endocytic properties of caveolae (1) fit the behavioral characteristics of the "secretion-like" compartment proposed by
Patterson et al (26) . Caveolae contain all of the molecular machinery necessary to engage in membrane traffic, including α-SNAP (39), elements of the SNARE complex (39) and dynamin (40, 41) . They are normally enriched in Rho A (42), which may be involved in controlling the organization of the cytoskeleton from this location. Quantitative measurements of receptor-mediate uptake by caveolae show that caveolae vesicles either recycle back to the cell surface directly or move into the cell (28) . The internalization step is regulated through PKCα (43) and tyrosine kinases (3) while the exocytic step may be regulated by an okadaic acid sensitive phosphatase (28) . We found in the present study that okadaic acid, like the phosphatase inhibitors calyculin A, inhibited Ca 2+ entry through caveolae (Fig 7A) .
An EM examination of endothelial cells treated with calyculin A showed an increase in the number of caveolae vesicles (data not shown), suggesting that this treatment blocks exocytosis. These phosphatase inhibitors, therefore, could have their effects by preventing an exocytic step required to bring caveolae vesicles that contain the channels to the cell surface, which may involve a modification of the actin cytoskeleton (26) . Finally, the caveola is the only known endocytic vehicle capable of delivering molecules to the ER. This includes molecules as diverse as caveolin-1 (44), SV40 virus (3), autocrine motility factor (45) and cholera toxin (40) . Thus, caveolae may be able to link entry of extracellular calcium to ER delivery.
The caveolae signaling hypothesis
The Ca 2+ sensing ability of the cameleon probes have allowed us to determine whether caveolae are the origin of a specific signaling event in a living cell. We have presented multiple pieces of evidence in support of the conclusion that the regulatory machinery that controls store-operated Ca 2+ entry is organized and operational in caveolae and that the Ca 2+ entering through caveolae is coupled to the activation of eNOS. Thus, an entire signaling cascade that depends on the participation of multiple molecules has been localized to caveolae in living cells. An unexpected outcome of these observations is new insight into why signaling pathways might be organized in an endocytic compartment. The placement of a complex signaling machine in an endocytic compartment provides a mechanism for regulating the on and off state of an entire signaling circuit without the need to assemble any of its components. An endocytic vesicle, therefore, is well suited to function as a storage container for a preassembled signaling pathway that can be deployed on demand. This container can also be used to carry signaling machinery together with sites of signal transduction to various locations in the cell (46).
Whether or not caveolae are the only endocytic compartment with these organizational skills remains to be determined. 2+ (B) . A) Transfected cells were incubated in nominally Ca 2+ -free media and at the indicated times sequentially exposed to fresh Ca 2+ -free HBSS (v), 0.1 mM EGTA, 10 mM EGTA, 10 µM ionomycin (black bar) and finally 10 mM Ca 2+ . Emission ratios are shown on the left ordinate while % emission ratio increase is shown on the right ordinate. The number of measurements for each calculation was 9 for CYC, 8 for NYC and 44 for YC. B) Cells transfected with the indicated cDNA were washed 3X with Ca 2+ free HBSS and exposed stepwise to 0.12 mM Ca 2+ , 1.2 mM Ca 2+ and 10 mM Ca 2+ plus 10 µM ionomycin (black bar). R max and R min , corresponding to the highest and lowest acceptor/donor ratios, were used to convert the emission ratio (left ordinate) to % emission ratio increase (right ordinate). The dotted lines indicate the % ERI for the three probes before and after the addition of 1.2 mM Ca 2+ . Emission ratio on the left ordinate corresponds to the ratio of 515-540 nm emission to 465-495 nm emission. Five minutes later, 12 µM Ca 2+ was added to the dish. The Ca 2+ concentration was then increased as indicated. To measure R max , 10 mM CaCl 2 plus 10 µM ionomycin was added at the end of the experiment. The % emission ratio increase (% ERI) is shown on the right hand ordinate D) Cells were subjected to the same protocol described above and the FRET pseudo-color image was recorded before and after the addition of 1.2 mM Ca 2+ . E) Average % ERI detected by CYC (m), NYC (l) and YC (n) when the extracellular concentration of Ca 2+ is increased following depletion of ER stores. CYC, n=19, NYC n= 29, and YC n=35. Figure 7 Dependence of store-operated Ca 2+ entry at caveolae on cholesterol, IP 3 R, and phosphatase activity (A) and store operated Ca 2+ influx through caveolae stimulates NO production (B). A) Cells were incubated in the presence or absence of 1.8 U/ml cholesterol oxidase (25˚C, 1 hr), 2% wt/vol methyl-β-cyclodextrin (37˚C, 1 hr), 40 µM xestospongin C (37˚C, 1 hr), 5 µM Calyculin A (37˚C, 1 hr), 3 µM jasplakinolide (37˚C, 1 hr), 0.1 mg/ml colcemide (37˚C, 24 hr), or 10 µM Cytochalasin D (37˚C, 1 hr) in normal culture media. ER Ca 2+ was depleted by adding 50 µM ATP and 4 µM thapsigargin. One set of cells that had not received any pretreatment was incubated for 2.5 min after ATP plus thapsigargin before adding 100 µM 2-APB. All dishes were incubated a total of 5 min after ATP and thapsigargin before adding 0.12 mM CaCl 2 to each dish for 1 min followed by 10 mM CaCl 2 plus 10 µM ionomycin to measure R max % emission ratio increase detected by CYC (solid bars) and NYC (shaded bars) was determined. Each bar is the average of 15-20 measurements +/-SE. The % ERI for each inhibitor treatment was compared with control values (lane A) using an unpaired t-test without subtracting the baseline values. Single or double asterisks indicate p value of < 0.05 or <0.01, respectively. NS indicates no statistical difference. The baseline values of % ERI detected by CYC (dashed line) and NYC (dotted line) are shown for reference. The agents tested are grouped according to their known effects on cells. B) Primary bovine endothelial cells co-loaded with Fura Red and DAF-2 as described were placed in nominally Ca 2+ -free media. ER Ca 2+ stores were depleted by the addition of 50µM ATP and 4µM thapsigargin and the concentration of extracellular Ca 2+ increased to 0.12 mM as indicated. Fura Red and DAF-2 were excited with 488 nm argon laser and image pairs were collected simultaneously at 500-535 nm emission for DAF-2 and 600-680 nm emission for Fura Red. Fluorescence intensity of Fura Red and DAF-2 in 50-60 cells is shown in arbitrary units on the left ordinate.
